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Liver fibrosis is a wound-healing response to chronic liver injury such as alcoholic/nonalcoholic fatty liver disease and viral hepatitis
with no FDA-approved treatments. Liver fibrosis results in a continual accumulation of extracellular matrix (ECM) proteins and
paves the way for replacement of parenchyma with nonfunctional scar tissue. The fibrotic condition results in drastic changes
in the local mechanical, chemical, and biological microenvironment of the tissue. Liver parenchyma is supported by an efficient
network of vasculature lined by liver sinusoidal endothelial cells (LSECs). These nonparenchymal cells are highly specialized
resident endothelial cell type with characteristic morphological and functional features. Alterations in LSECs phenotype including
lack of LSEC fenestration, capillarization, and formation of an organized basement membrane have been shown to precede fibrosis
and promote hepatic stellate cell activation. Here, we review the interplay of LSECs with the dynamic changes in the fibrotic liver
microenvironment such as matrix rigidity, altered ECM protein profile, and cell-cell interactions to provide insight into the pivotal
changes in LSEC physiology and the extent to which it mediates the progression of liver fibrosis. Establishing the molecular aspects
of LSECs in the light of fibrotic microenvironment is valuable towards development of novel therapeutic and diagnostic targets of
liver fibrosis.
1. Introduction
Liver Fibrosis is one of the leading causes of liver-relatedmor-
bidity and mortality in the United States with an estimated
health care cost of $103 billion per year ($1,613 per patient).
Hepatic fibrosis occurs in response to chronic liver injury
initiated by several factors including alcoholic/nonalcoholic
fatty liver disease and viral hepatitis [1–4]. Fibrosis is a
chronic condition which initiates a cascade of biochemi-
cal and biophysical changes in the liver microenvironment
causing necrosis and apoptosis of hepatocytes (highly spe-
cialized epithelial cells) and liver sinusoidal endothelial cells
(LSECs), through the release of inflammatory mediators and
profibrotic cytokines and activation of hepatic stellate cells.
Further exacerbation of this chronic wound-healing response
results in excess deposition and decreased turnover of extra-
cellular matrix (ECM) proteins (e.g., collagen).The increased
density of ECM results in increased matrix stiffness, and
recent studies demonstrate that this phenomenon correlates
and contributes to the progression of liver fibrosis [5–8].
Recent clinical reports and animal studies have revealed that
fibrosis could be reversible [9–13]. While fibrosis is reversible
in its initial stages, uninterrupted fibrosis may lead to cir-
rhosis. The exact point when fibrosis becomes irreversible
requires further investigation. Despite significant advances in
understanding hepatic fibrosis and defining targets for ther-
apy, there are no antifibrotic drugs yet approved for clinical
use in patients with advanced liver disease. The parenchymal
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Figure 1: Morphological changes in LSECs during liver fibrosis. Hepatocytes and liver sinusoidal endothelial cells are separated by the space
of Disse that contains minimal extracellular matrix (ECM) in a healthy liver. Quiescent hepatic stellate cells reside in the space of Disse. The
Kupffer cells undergo phenotypic change to become more inflammatory. The fenestrations on LSECs allow for solute transport. In a fibrotic
liver, the stellate cells are activated, a basement membrane is formed in the endothelium, and the LSECs are defenestrated.
and nonparenchymal cells in the liver microenvironment
play a unique role in the pathology of liver fibrosis. The
progression and regression of liver fibrosis rely on a complex
interplay between the hepatocytes, LSECs, stellate cells, and
Kupffer cells and the noncellular components of the fibrotic
microenvironment [14–20]. Understanding the cellular and
molecular mechanisms involved in fibrosis progression has a
number of clinical implications, including the development
of therapeutic interventions to impede or reverse hepatic
fibrosis, some of which are already available [1, 2, 21].
The high metabolic activity of the liver demands an
efficient vasculature in the organ. The intricate network of
capillaries of the liver is lined by liver sinusoidal endothe-
lial cells (LSECs), a specialized endothelial cell type that
is phenotypically different from vascular endothelial cells
[22]. LSECs are characterized by their unique morphological
characteristics such as lack of a basement membrane in the
endothelium and presence of open fenestrations [22]. These
fenestrations are clustered throughout the cytoplasm to form
dynamic sieve plates and facilitate the steric transport of cargo
from the lumen (sinusoidal space) to the space of Disse and
into the parenchyma [23]. The alterations in the diameter
and frequency of fenestrations on LSECs are correlated with
several liver injuries, toxins, and diseases and have impli-
cations in the loss of overall liver function [23, 24]. LSECs
also possess a characteristically high scavenger function for
a diverse array of macromolecules. These cells contain a
large number of endocytic vesicles that perform degradation
and recycling of macromolecular wastes from lumen such
as extracellular matrix breakdown, immune complexes, and
lysosomal enzymes [25]. Additionally, LSECs play an active
role in the immune regulation of the organ through bacterial
processing, leukocyte adhesion, and viral clearance [26–
28]. These cells also maintain the hemodynamics of liver
capillaries by actively responding to the varying intrahepatic
blood flow and pressure [29]. Additionally, the paracrine
signaling between LSECs and hepatocytes is crucial for the
functional maintenance of the parenchyma. Similar to the
functional importance of LSECs in a healthy liver, these cells
are recognized as early regulators in the progression of liver
fibrosis.
Liver injuries leading to fibrosis result in a drastic alter-
ation in the LSEC phenotype. The loss in fenestration and
the appearance of basement membrane in the space of Disse
are observed early in a fibrotic liver, a process referred to
as capillarization. DeLeve and co-workers demonstrated that
the capillarization of LSECs (loss in fenestrations) precedes
the onset of fibrosis and acts as a gatekeeper event for the
progression of liver fibrosis [30]. Several secretory changes
such as loss of endothelial nitric oxide synthase (eNOS)
activity and overexpression of endothelin-1 also accompany
fibrosis and mediate portal hypertension in the liver [31].
Additionally, capillarized LSECs contribute to the ECM
accumulation in the fibrotic liver in the form of collagen and
fibronectin synthesis. Fibrosis is also influenced by a reversal
of LSEC function from tolerogenic to proinflammatory and
immunogenic; this phenomenon contributes to both height-
ened inflammatorymilieu and altered intrahepatic immunity
[32, 33]. Changes in LSECs during liver fibrosis result in a
cascade of autocrine and paracrine responses and warrant
a systematic analysis of the role of LSECs in the fibrotic
microenvironment to further the research towards early
detection and therapy for liver fibrosis (Figure 1). Therefore,
it is crucial to understand the role of dynamic changes in
livermicroenvironment during liver fibrosis pertaining to the
subtle but pivotal changes in LSEC physiology, and the extent
to which it mediates the progression of liver fibrosis.
2. Mechanical Environment of the Fibrotic
Liver and LSECs
An excessive accumulation of ECM proteins and remodeling
is synonymous with liver fibrosis and results in a dramatic
change in the mechanical microenvironment, particularly in
the stiffness of the organ [34]. Increase in the liver stiffness is
currently the most clinically relevant diagnostic marker, and
several elastography-based techniques are utilized to corre-
late the severity of liver fibrosis with the organ stiffness value
[35–37]. Recent studies have highlighted the profound impact
of biophysical attributes of ECM, including dynamic changes
inmatrix stiffness, as a keymechanism ofmodulating hepatic
stellate cell activation and one of the contributors to fibrosis
disease progression [38–42]. Animal studies have shown that
increase in liver stiffness precedes the development of fibrosis
in an iterative carbon tetrachloride model of rat liver fibrosis
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[43]. Wells and co-workers have demonstrated that matrix
stiffness regulates the myofibroblastic differentiation of two
precursor populations, hepatic stellate cells and portal fibrob-
lasts [40]. Hepatic stellate cells cultured on stiff environment
(8–12 kPa) developed fibrosis-like features of myofibroblast
phenotype, including enhanced cell spreading, 𝛼-smooth-
muscle actin (𝛼SMA) expression, and stress fiber organiza-
tion. Recently, our group has demonstrated that physiological
ranges of matrix stiffness regulated primary hepatocyte mor-
phology. Hepatocytes cultured on soft (healthy) substrates
displayed a more differentiated and functional phenotype
for a longer duration as compared to stiff (fibrotic-like)
substrates [44]. Matrix stiffness was demonstrated to alter
hepatocytes function wherein hepatocytes on soft substrates
retained 2.7-fold higher cytochrome P450 (CYP) activity
on day 7 in culture, as compared to the control group on
standard tissue culture surface. In addition, we observed that
the epithelial cell phenotype was better maintained on soft
substrates as indicated by higher expression of hepatocyte
nuclear factor 4 alpha, cytokeratin 18, and connexin 32 [44].
Weaver and co-workers have demonstrated that fibrotic levels
of matrix stiffness significantly inhibit hepatocyte-specific
functions by inhibiting the HNF4𝛼 transcriptional network
mediated through the Rho/Rho-associated protein kinase
pathway [45]. These data suggest that early increase in liver
stiffness ismechanistically important in regulating individual
cellular responses to tissue injury. A majority of the current
work studying the role of tissue stiffness in pathogenesis of
hepatic fibrosis focuses on hepatic stellate cells. The effect of
varying mechanical cues on LSECs is particularly interesting;
however, this has not been extensively explored until recently.
Since the capillarization of LSECs is also an initial trigger for
fibrosis, establishing the correlation between the mechanical
cues and LSECs is of prime importance towards achieving an
early therapeutic intervention. This is an important question
because the mechanistic cause of liver failure in cirrhosis is
not fully understood and there is evidence that cells including
hepatocytes and LSECs from a cirrhotic liver may regain lost
function when exposed to a healthy liver microenvironment
[46, 47]. Understanding the effect of increased matrix stiff-
ness during the course of liver fibrosis on LSEC function
will provide more insight into the role of matrix rigidity as
a contributor to the disease progression.
Endothelial cell behavior is largely regulated by the
mechanical cue of shear stress dictated by flow of blood
through the lumen of blood vessels and capillaries [48]. In
case of liver microvasculature, despite the low flow rate of
blood, the narrow capillary diameter results in a significant
shear stress generation [49, 50]. The fenestrations are espe-
cially sensitive to shear stress in the lumen. Studies with
animalmodels have demonstrated that introduction of a high
perfusion pressure through the portal vein resulted in the
fusion and enlargement of the LSEC fenestrae, resulting in
an abnormal transport of chylomicrons to the parenchyma
[51]. Several studies have also attempted identification of
changes in the molecular signature change that accompanies
LSECs under abnormal shear stress. Employing an in vitro
culture model of LSECs with a microfluidic setup recreated
the shear stress of fluid flow and demonstrated that LSECs
cope with increasing shear stress in the microenvironment
by increasing nitric oxide (NO) synthesis [29]. In fibrotic
livers, the microvasculature remodeling results in increased
vascular resistance and consequent increase in shear stress
[52]. Rodent models of liver fibrosis have demonstrated
that LSECs had a significantly lower expression of NO and
nitric oxide synthase (NOS) [53]. DeLeve and co-workers
demonstrated that the NO signaling pathway regulates the
maintenance of LSEC differentiated phenotype indicating
that the autocrine production of NO by LSECs regulates
the VEGF mediated pathway [54]. LSECs in cirrhotic livers
with evident portal hypertension overexpress Kruppel-like
factor 2 (KLF2) to cope with the abnormal hemodynamics
of the liver [55]. In the liver, the transcription factor KLF2
is induced early during progression of cirrhosis to lessen
the development of vascular dysfunction; nevertheless, its
endogenous expression results are insufficient to attenuate
establishment of portal hypertension and aggravation of
cirrhosis [56, 57]. The important role of shear stress in
endothelial dysfunction and the effect of restoring the flow
rate on the LSEC function need further investigation. In an
attempt to investigate the phenotype restoration of LSECs,
Hwa et al. demonstrated that LSECs can be rendered func-
tionally stable when maintained in perfusion cultures with
laminar flow of media mimicking the shear stress condition
of a healthy liver [58]. In another study, Domansky and
co-workers retained the viability of LSECs for a prolonged
duration by maintaining a physiological flow rate in a biore-
actor [59]. LSECs cultured in perfused bioreactor retained
expression of the functional marker sinusoidal endothelial 1
(SE-1) and exogenous supportive endothelial growth factors
like vascular endothelial growth factor (VEGF) upto 13 days
after seeding. Furthermore, the retention of the endothelial
phenotype was observed to be dependent on the flow rate and
the oxygen concentration in the perfused multiwell.
The mechanical microenvironment, especially in the
form of tissue stiffness and stretching forces, is proven
to activate hepatic stellate cells and promote liver fibrosis
progression [40, 60]. Since the paracrine signaling between
activated stellate cells and LSECs is known to be instrumental
in the capillarization of LSECs, mechanical cues can also be
considered to have an indirect effect on LSECs [54]. Juin
and co-workers showed that increased ECM matrix rigidity
increased the number of podosomes (actin-rich structures
involved in motility and proteolysis) formed in LSECs sug-
gesting that the cells responded to mechanical stress and
underwent cytoskeletal remodeling [61]. Similarly, human
LSECs lose the fenestrations anddemonstrate increased stress
fiber formation when subjected to high stiffness microen-
vironment [62]. Also, we have demonstrated that matrix
stiffness regulates LSEC morphology and function eliciting
cell behavior akin to those observed in animal models of liver
fibrosis [63].Theunderstanding of the direct effects of various
mechanical forces such as stiffness, compression, shear stress,
and stretch on LSECs will contribute to elucidating the role of
LSECs in liver fibrosis and identification of therapeutic tar-
gets in the mechanotransduction pathways to effect reversal
of fibrosis.
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3. Extracellular Matrix of Fibrotic
Liver and LSECs
A healthy liver contains a significantly low amount of ECM
as compared to some other organs, constituting approx-
imately 3% of the liver area [64]. The most prominent
macromolecules of the healthy liver ECM are collagens of
types I, III, IV, and V, glycoproteins such as fibronectin,
laminin, and tenascin, glycosaminoglycans such as heparin,
chondroitin sulfate, and hyaluronic acid, and proteoglycans
such as perlecan and decorin [65, 66]. Healthy LSECs also
contribute to the ECM by producing a modest amount of
macromolecules such as collagen type IV and fibronectin
[67]. In the event of liver fibrosis, the quantity of ECM
increases many fold but, interestingly, the ECM composition
remains relatively unaltered.
In a healthy liver, the space of Disse has a low density
of ECM proteins which enables easy transport of cargo from
the blood vessel lumen to various liver cells thereby playing
a crucial role in the functional maintenance of the cells
[67]. The typical sparse basement membrane is made up of
collagen type IV and laminin but during early stages of liver
fibrosis, the space of Disse (perisinusoidal space) undergoes
changes both in terms of the residing cells and the ECM
composition. A network of fibrillar collagen combined with
excess collagen type IV and laminin increases and forms
a basement membrane, as witnessed in clinical studies and
animalmodels [68–71]. Studies suggest that once a substantial
basement membrane appears in the liver endothelium, the
changes in LSEC phenotype and fenestrations become virtu-
ally irreversible [72].
Recent studies have established that LSECs can be an
active contributor to the excessive ECM in the event of
liver fibrosis [18, 20, 73, 74]. Identification of the specific
ECM expressed by LSECs can be challenging since their
scavenging action of ECM fragments present in the lumen
results in ambiguity regarding the cellular source of the
protein. Several animal and clinical studies have identified
the specific contributions of LSECs towards the fibrotic ECM.
Maher and McGuire demonstrated that, after liver injury,
LSECs displayed an increase in the mRNA levels of collagen
type I [75]. Similarly, rodent studies by Neubauer et al.
showed that injured LSECs synthesized a higher amount of
collagen type IV [76]. Animal studies have also displayed that
LSECs can synthesize fibronectin, a necessary structural unit
of the liver ECM [77]. Apart from the typical structural/cell
adhesion role that is attributed to cellular fibronectin, LSECs
demonstrate a higher expression of the EIIIA fragment of
fibronectin which can play the role of an active bioligand
triggering the wound-healing response in the organ [78].
The excessive accumulation and the altered structural
aspects of ECM in a fibrotic liver affect the phenotype of
LSECs, directly and indirectly. The direct effect of the exces-
sive collagen type I was explored byMcGuire et al. where they
showed that presence of interstitial collagen fibers resulted
in the defenestration of LSECs [79]. Apart from the physical
barrier due to the basement membrane, the defenestration
of LSECs further compromises the ability for the exchange
of molecules between parenchyma and the lumen. Similarly,
Shakado et al. demonstrated that an increase in laminin
concentration of the culture substrate resulted in a loss in
endothelial pores [80]. Another interesting study by Sellaro et
al. showed that LSECs cultured on decellularized liver ECM
maintained a fenestrated phenotype for a prolonged period
when compared with decellularized ECM of other organs
[81].
The altered ECM during the progression of liver fibrosis
also results in changes in the profile of cell-matrix adhesion
molecules expressed by LSECs. Couvelard and co-workers
demonstrated that LSECs overexpress several integrins that
act as laminin receptors, including 𝛼
6
𝛽
1
and attributed this
to the increase in laminin in the space of Disse [82]. These
studies suggest the responsiveness of LSECs to the various
components of the ECM. With respect to indirect effects,
ECM acts as means for the attachment and storage of several
cytokines and growth factors that when activated can result in
changes in the LSECbehavior [83]. A variety of growth factors
such as TGF-𝛽, FGFs, TNF-𝛼, and PDGF are covalently or
noncovalently bound to the ECMmolecules of collagens and
fibronectin [84].
4. Cross-Talk between LSECs and the Liver
Parenchyma (Hepatocytes)
Communication between parenchyma of the liver and LSECs
is crucial in the healthy liver as well as in the progression of
liver fibrosis. Structural features of LSECs such as fenestra-
tions ensure regulated bidirectional transport of metabolites
and solutes between blood and parenchyma. Loss of fenes-
tration has implications in the functional loss in hepatocytes
and development of secondary metabolic diseases such as
atherosclerosis. Altered fenestration dimensions result in
irregular transport of chylomicrons and access to hepatocytes
thereby altering the lipid metabolism, and higher release of
cholesterol by these cells [85].
The signaling pathway underlying the cross-talk between
hepatocytes and LSECs has recently received significant
attention. LSECs regulate the functional maintenance and
regeneration of hepatocytes through paracrine action of
angiogenic trophogens such as hepatic growth factors (HGF)
and Wnt2; LSECs regulate the functional maintenance and
regeneration of hepatocytes [86]. This phenomenon was
further corroborated by Yamane et al., wherein the paracrine
nature of LSEC and hepatocyte communication mediated by
VEGF-Flt receptor family on LSECs and HGF-Met receptor
groups on hepatocytes were validated [87].
Recent studies have garnered attention to exosomes as
a potential means of transfer of macromolecules between
different cell types. Exosomes are vesicular structures of
less than 100 nm diameter that are taken up by cells in a
nonreceptor mediated manner. Microparticles released by
LSECs in cirrhotic patients were shown to contain signaling
molecules that regulate hepatocyte behavior [88]. Another
study demonstrates that hepatocytes subjected to lipotoxicity
released exosomes that are rich inVNN1 and the presentation
of VNN1 on the exosome surface results in uptake by
endothelial cells making them proangiogenic in phenotype
[89].
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5. Cross-Talk between LSECs and the Liver
Nonparenchymal Cells
One of the primary pathophysiological responses to LSEC
injury is the early activation of hepatic stellate cells (HSCs)
that constitute the most fibrogenic cellular species of the
liver. These activated HSCs exhibit the phenotypic traits of
higher contractility and proliferation, secrete high amounts
of collagen type I and TGF-𝛽, possess a higher expression of
𝛼-SMA, and lose the retinoid storage function [90]. Multiple
cytokines have been implicated in triggering the activation
of HSCs and several of them are released by injured LSECs.
Capillarized LSECs secrete fibronectin EIIIA which activate
HSCs [78]. Similarly, a decrease in the KLF-2 factor in LSECs
results in HSC activation and in vitro studies show that
overexpressing KLF-2, on the other hand, can restore the
quiescent phenotype of HSCs [57]. The multifaceted role of
TGF-𝛽 as a key mediator of fibrosis is well established [60].
LSECs play a crucial role in activation of TGF-𝛽1 through
plasmin which in turn activates HSCs [91]. Similarly, PDGF
also mediates the activation of HSCs in a paracrine (LSECs
secrete PDGF) and autocrine manner.
Communication between LSECs and HSCs is vital for
the functional maintenance of LSECs as well [91]. Similar
to hepatocytes, quiescent HSCs also have been reported to
secrete VEGF that plays a crucial role in the maintenance
of fenestrations in LSECs in both a NO-dependent and
NO-independent manner [92]. Activated HSCs were shown
to release microparticles loaded with Hedgehog signaling
molecules that interact with LSECs and alter their gene
expression profile [93]. Similarly, exosomes from endothelial
cells that contained sphingosine kinase 1 (SK1) and demon-
strated fibronectin expression were shown to regulate the
activation of HSCs [94].
Kupffer cells are the macrophages of the liver and play a
crucial role scavenging foreign materials that end up in the
portal circulation [95].They are also responsible for the initia-
tion of inflammation by releasing active cytokines and reac-
tive oxygen species as a response to hepatotoxin mediated
injury to hepatocytes or biliary epithelial cells. In a fibrotic
liver, Kupffer cells overexpress platelet derived growth factor
(PDGF) which acts as the primary mitogen for activated stel-
late cells, hence indirectly driving forth fibrogenesis [96, 97].
In the specific case of alcohol mediated injury, the Kupffer
cells get activated and produce TNF-𝛼 that evokes parenchy-
mal stress response [98]. Despite advances in isolating their
role in liver disease progression, the cross-talk between
Kupffer cells and LSECs remains largely unexplored. In a
rodent model with liver injury due to sepsis, Hutchins et
al. demonstrated that the interaction between PD-1 express-
ing Kupffer cells and PD-L1 expressing LSECs resulted in
endothelial dysfunction [99]. Similarly, Arii and Imamura
demonstrated that blocking the signaling from Kupffer cells
in cold-preserved liver resulted in restoration of LSEC phe-
notype. The study also demonstrates that an increase in
ICAM-1 expression on LSECs is regulated by secretion of
TNF-𝛼 by Kupffer cells [100]. In an attempt to establish the
communication between Kupffer cells and LSECs, an in vitro
study by Ford et al. demonstrated that in a fibrotic model,
cross-talk between LSECs and Kupffer cells resulted in a loss
of fenestrations and increase in CD31 expression [62].
6. Therapeutic Interventions Targeting LSECs
and Vasculature for Liver Disease
Restoration of LSEC phenotype could present a potential
route for promoting the regression of fibrosis. Recent studies
further our understanding of the role of LSECs in directly
mediating fibrosis resolution. Decreasing the excessive col-
lagen in a fibrotic liver through MMPs and TIMPs has
been of interest for a while now but a study by Malovic
et al. demonstrated that LSECs possess mannose receptors
that rapidly endocytose denatured collagen 𝛼 chains from
blood [101]. Enhancing the LSEC mediated removal of col-
lagen fragments could be a potential target for therapeutic
purposes. The role of VEGF has been controversial due
to the conflicting nature of several studies. In an effort to
hinder angiogenesis in the fibrotic livers, Fernandez et al.
have demonstrated the importance of inhibiting the signaling
pathways of VEGF and PDGF in order to decrease the
expression of CD31 and VEGFR-2 in the endothelium [102].
On the other hand, fibrosis resolution and maintenance
of fenestration in LSECs have been achieved in rodent
models through VEGF mediated pathway [103, 104]. Nitric
oxide synthase (NOS) synthesized by LSECs is an important
target for fibrosis resolution owing to the regulatory role
it plays in portal hemodynamics. Decreased levels of NO
are due to downregulation in the expression of eNOS in
LSECs subjected to capillarization and the restoration of
eNOS could have therapeutic implications [105]. Dill et al.
showed that disruption of Notch1 signaling results in vascular
remodeling of the liver and the intact signaling ensures the
highly differentiated phenotype of LSECs is maintained, thus
indicating the potential as an antiangiogenesis target for liver
fibrosis [106].
Several experimental drugs have surfaced over the last
decade that could potentially treat fibrosis by targeting the
vascular function of the organ. Treatment of cirrhotic rats
with tetrahydrobiopterin, an essential cofactor for the syn-
thesis of NO, demonstrates a marked improvement in portal
hypertension [107]. Another study combating the oxidative
stress of the fibrotic liver demonstrated that administration
of ascorbic acid in cirrhotic patients resulted in an increased
bioavailability of NO, thereby resulting in a moderate alle-
viation of endothelial dysfunction [108]. Increasing super-
oxide population in the fibrotic livers of rodent models was
treated with Tempol, a small superoxide dismutase (SOD)
mimic, which resulted in the restoration of normal portal
pressure [109]. In another multitargeted approach, Sunitinib
administration to cirrhotic rats resulted in a decrease in hep-
atic vascular density and portal pressure [110]. Antifibrosis
applications of statins in a study by Marrone et al. showed
that statins can directly target LSECs in a fibrotic liver by
triggering an upregulation of KLF2 expression, where KLF2
acts as a vasoprotective molecule of the liver endothelium
[57].
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7. Conclusions
Unchecked fibrosis of the liver results in a continual accumu-
lation of ECM proteins and paves the way for replacement
of parenchyma with nonfunctional scar tissue. The persis-
tence of fibrotic state in the liver determines the severity
of numerous challenges with respect to achieving complete
restoration of liver health and some of these are reversal
of vascular remodeling, excessive crosslinking between the
collagen fibers, and loss in parenchyma [111]. Since pheno-
typic alteration in LSECs phenotype is one of the earliest
events of fibrogenesis, investigating the molecular aspect of
LSECs in the context of liver fibrosis progression will prove
to be valuable towards early detection and a consequent early
intervention of liver fibrosis.
Competing Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.
Acknowledgments
The authors thank members of the Kidambi and Harris
Labs for helpful discussions. This work was supported, in
whole or in part, by P20 GM104320 (the Nebraska Center for
the Prevention of Obesity Diseases Pilot Grant to Srivatsan
Kidambi); P20 GM113126 (to the Nebraska Center for Inte-
grated Biomolecular Communication-Project Leader Srivat-
san Kidambi); and UNLOffice of Research and Development
Biomedical Seed Grant (to Srivatsan Kidambi).
References
[1] S. L. Friedman, “Hepatic fibrosis: emerging therapies,”Digestive
Diseases, vol. 33, no. 4, pp. 504–507, 2015.
[2] C. Trautwein, S. L. Friedman, D. Schuppan, and M. Pinzani,
“Hepatic fibrosis: concept to treatment,” Journal of Hepatology,
vol. 62, no. 1, supplement, pp. S15–S24, 2015.
[3] Y. A. Lee, M. C. Wallace, and S. L. Friedman, “Pathobiology of
liver fibrosis: a translational success story,” Gut, vol. 64, no. 5,
pp. 830–841, 2015.
[4] V. Hernandez-Gea and S. L. Friedman, “Pathogenesis of liver
fibrosis,” Annual Review of Pathology: Mechanisms of Disease,
vol. 6, pp. 425–456, 2011.
[5] P. C. Georges, J.-J. Hui, Z. Gombos et al., “Increased stiffness
of the rat liver precedes matrix deposition: implications for
fibrosis,” American Journal of Physiology—Gastrointestinal and
Liver Physiology, vol. 293, no. 6, part 1, pp. G1147–G1154, 2007.
[6] J. Foucher, E. Chanteloup, J. Vergniol et al., “Diagnosis of
cirrhosis by transient elastography (FibroScan): a prospective
study,” Gut, vol. 55, no. 3, pp. 403–408, 2006.
[7] M. Yin, J. A. Talwalkar, K. J. Glaser et al., “Assessment of
hepatic fibrosis with magnetic resonance elastography,” Clinical
Gastroenterology andHepatology, vol. 5, no. 10, pp. 1207–1213.e2,
2007.
[8] M. Yin, A. Kolipaka, D. A.Woodrum et al., “Hepatic and splenic
stiffness augmentation assessed with MR elastography in an in
vivo porcine portal hypertension model,” Journal of Magnetic
Resonance Imaging, vol. 38, no. 4, pp. 809–815, 2013.
[9] P.A. L. Bonis, S. L. Friedman, andM.M.Kaplan, “Is liver fibrosis
reversible?”NewEngland Journal ofMedicine, vol. 344, no. 6, pp.
452–454, 2001.
[10] V. Mallet, H. Gilgenkrantz, J. Serpaggi et al., “Brief communi-
cation: the relationship of regression of cirrhosis to outcome in
chronic hepatitis C,” Annals of Internal Medicine, vol. 149, no. 6,
pp. 399–403, 2008.
[11] S. L. Friedman andM. B. Bansal, “Reversal of hepatic fibrosis—
fact or fantasy?” Hepatology, vol. 43, no. 2, supplement 1, pp.
S82–S88, 2006.
[12] B. J. Veldt, E. J. Heathcote, H. Wedemeyer et al., “Sustained
virologic response and clinical outcomes in patients with
chronic hepatitis C and advanced fibrosis,” Annals of Internal
Medicine, vol. 147, no. 10, pp. 677–684, 2007.
[13] S. Roberts, A. Gordon, C. McLean et al., “Effect of sustained
viral response on hepatic venous pressure gradient in hepatitis
C-related cirrhosis,” Clinical Gastroenterology and Hepatology,
vol. 5, no. 8, pp. 932–937, 2007.
[14] H. Li, H. You, X. Fan, and J. Jia, “Hepatic macrophages in liver
fibrosis: pathogenesis and potential therapeutic targets,” BMJ
Open Gastroenterology, vol. 3, no. 1, Article ID e000079, 2016.
[15] K. Ray, “Liver: hepatic stellate cells hold the key to liver fibrosis,”
Nature Reviews Gastroenterology and Hepatology, vol. 11, no. 2,
2014.
[16] P. Kocabayoglu and S. L. Friedman, “Cellular basis of hepatic
fibrosis and its role in inflammation and cancer,” Frontiers in
Bioscience (Scholar Edition), vol. 5, pp. 217–230, 2013.
[17] L. J. Dixon, M. Barnes, H. Tang, M. T. Pritchard, and L. E. Nagy,
“Kupffer cells in the liver,” Comprehensive Physiology, vol. 3, no.
2, pp. 785–797, 2013.
[18] L. D. DeLeve, “Liver sinusoidal endothelial cells in hepatic
fibrosis,” Hepatology, vol. 61, no. 5, pp. 1740–1746, 2015.
[19] M. Kitano and P. M. Bloomston, “Hepatic stellate cells and
microRNAs in pathogenesis of liver fibrosis,” Journal of Clinical
Medicine, vol. 5, no. 3, 2016.
[20] K. K. Sørensen, J. Simon-Santamaria, R. S. McCuskey, and B.
Smedsrød, “Liver sinusoidal endothelial cells,” Comprehensive
Physiology, vol. 5, no. 4, pp. 1751–1774, 2015.
[21] M. T. Pritchard and J. M.McCracken, “Identifying novel targets
for treatment of liver fibrosis: what can we learn from injured
tissues which heal without a scar?” Current Drug Targets, vol.
16, no. 12, pp. 1332–1346, 2015.
[22] K. Elvevold, B. Smedsrød, and I. Martinez, “The liver sinusoidal
endothelial cell: a cell type of controversial and confusing
identity,” American Journal of Physiology - Gastrointestinal and
Liver Physiology, vol. 294, no. 2, pp. G391–G400, 2008.
[23] F. Braet and E.Wisse, “Structural and functional aspects of liver
sinusoidal endothelial cell fenestrae: a review,” Comparative
Hepatology, vol. 1, no. 1, article 1, 2002.
[24] K. Rasineni, D. D. Penrice, S. K. Natarajan et al., “Alcoholic
vs non-alcoholic fatty liver in rats: distinct differences in
endocytosis and vesicle trafficking despite similar pathology,”
BMC Gastroenterology, vol. 16, no. 1, article 27, 2016.
[25] C. T. McGary, R. H. Raja, and P. H. Weigel, “Endocytosis
of hyaluronic acid by rat liver endothelial cells. Evidence for
receptor recycling,” Biochemical Journal, vol. 257, no. 3, pp. 875–
884, 1989.
[26] G. Steinhoff, M. Behrend, B. Schrader, A. M. Duijvestijn,
and K. Wonigeit, “Expression patterns of leukocyte adhesion
ligand molecules on human liver endothelia. Lack of ELAM-
1 and CD62 inducibility on sinusoidal endothelia and distinct
BioMed Research International 7
distribution of VCAM-1, ICAM-1, ICAM-2, and LFA-3,” The
American Journal of Pathology, vol. 142, no. 2, pp. 481–488, 1993.
[27] A. Warren, P. Bertolino, V. Benseler, R. Fraser, G. W.
McCaughan, and D. G. Le Couteur, “Marked changes of the
hepatic sinusoid in a transgenicmousemodel of acute immune-
mediated hepatitis,” Journal of Hepatology, vol. 46, no. 2, pp.
239–246, 2007.
[28] V. Racanelli and B. Rehermann, “The liver as an immunological
organ,” Hepatology, vol. 43, supplement 1, pp. S54–S62, 2006.
[29] V. Shah, F. G. Haddad, G. Garcia-Cardena et al., “Liver
sinusoidal endothelial cells are responsible for nitric oxide
modulation of resistance in the hepatic sinusoids,” The Journal
of Clinical Investigation, vol. 100, no. 11, pp. 2923–2930, 1997.
[30] L. D. Deleve, “Liver sinusoidal endothelial cells in hepatic
fibrosis,” Hepatology, vol. 61, no. 5, pp. 1740–1746, 2015.
[31] D. Schuppan and Y. O. Kim, “Evolving therapies for liver
fibrosis,”The Journal of Clinical Investigation, vol. 123, no. 5, pp.
1887–1901, 2013.
[32] M. K. Connolly, A. S. Bedrosian, A. Malhotra et al., “In hepatic
fibrosis, liver sinusoidal endothelial cells acquire enhanced
immunogenicity,”The Journal of Immunology, vol. 185, no. 4, pp.
2200–2208, 2010.
[33] R.H.McMahan, C. E. Porsche,M.G. Edwards, andH. R. Rosen,
“Free fatty acids differentially downregulate chemokines in liver
sinusoidal endothelial cells: insights into non-alcoholic fatty
liver disease,” PLoS ONE, vol. 11, no. 7, Article ID e0159217, 2016.
[34] L. Castera, “Non-invasive assessment of liver fibrosis in chronic
hepatitis C,”Hepatology International, vol. 5, no. 2, pp. 625–634,
2011.
[35] G. Ferraioli, C. Tinelli, B. Dal Bello, M. Zicchetti, G. Filice,
and C. Filice, “Accuracy of real-time shear wave elastography
for assessing liver fibrosis in chronic hepatitis C: a pilot study,”
Hepatology, vol. 56, no. 6, pp. 2125–2133, 2012.
[36] M. Friedrich-Rust, M.-F. Ong, S. Martens et al., “Performance
of transient elastography for the staging of liver fibrosis: a meta-
analysis,” Gastroenterology, vol. 134, no. 4, pp. 960.e8–974.e8,
2008.
[37] L. Huwart, C. Sempoux, E. Vicaut et al., “Magnetic resonance
elastography for the noninvasive staging of liver fibrosis,”
Gastroenterology, vol. 135, no. 1, pp. 32–40, 2008.
[38] S. R. Caliari, M. Perepelyuk, B. D. Cosgrove et al., “Stiffening
hydrogels for investigating the dynamics of hepatic stellate
cell mechanotransduction during myofibroblast activation,”
Scientific Reports, vol. 6, article 21387, 2016.
[39] M. Guvendiren, M. Perepelyuk, R. G. Wells, and J. A. Burdick,
“Hydrogels with differential and patterned mechanics to study
stiffness-mediated myofibroblastic differentiation of hepatic
stellate cells,” Journal of the Mechanical Behavior of Biomedical
Materials, vol. 38, pp. 198–208, 2014.
[40] A. L.Olsen, S. A. Bloomer, E. P. Chan et al., “Hepatic stellate cells
require a stiff environment for myofibroblastic differentiation,”
American Journal of Physiology - Gastrointestinal and Liver
Physiology, vol. 301, no. 1, pp. G110–G118, 2011.
[41] R. G. Wells, “The role of matrix stiffness in hepatic stellate cell
activation and liver fibrosis,” Journal of Clinical Gastroenterol-
ogy, vol. 39, no. 4, supplement 2, pp. S158–S161, 2005.
[42] R. G. Wells, “The role of matrix stiffness in regulating cell
behavior,” Hepatology, vol. 47, no. 4, pp. 1394–1400, 2008.
[43] P. C. Georges, J.-J. Hui, Z. Gombos et al., “Increased stiffness
of the rat liver precedes matrix deposition: implications for
fibrosis,” American Journal of Physiology—Gastrointestinal and
Liver Physiology, vol. 293, no. 6, pp. G1147–G1154, 2007.
[44] V. Natarajan, E. J. Berglund, D. X. Chen, and S. Kidambi,
“Substrate stiffness regulates primary hepatocyte functions,”
RSC Advances, vol. 5, no. 99, pp. 80956–80966, 2015.
[45] S. S. Desai, J. C. Tung, V. X. Zhou et al., “Physiological ranges of
matrix rigidity modulate primary mouse hepatocyte function
in part through hepatocyte nuclear factor 4 alpha,” Hepatology,
vol. 64, no. 1, pp. 261–275, 2016.
[46] L. Liu, G. R. Yannam, T. Nishikawa et al., “The microenvi-
ronment in hepatocyte regeneration and function in rats with
advanced cirrhosis,” Hepatology, vol. 55, no. 5, pp. 1529–1539,
2012.
[47] L. D. DeLeve, “Liver sinusoidal endothelial cells and liver
regeneration,”The Journal of Clinical Investigation, vol. 123, no.
5, pp. 1861–1866, 2013.
[48] K. Ayajiki, M. Kindermann, M. Hecker, I. Fleming, and R.
Busse, “Intracellular pH and tyrosine phosphorylation but not
calciumdetermine shear stress-induced nitric oxide production
in native endothelial cells,” Circulation Research, vol. 78, no. 5,
pp. 750–758, 1996.
[49] H. H. Lipowsky, S. Kovalcheck, and B.W. Zweifach, “The distri-
bution of blood rheological parameters in the microvasculature
of cat mesentery,” Circulation Research, vol. 43, no. 5, pp. 738–
749, 1978.
[50] C. R. White and J. A. Frangos, “The shear stress of it all: the cell
membrane and mechanochemical transduction,” Philosophical
Transactions of the Royal Society of London. Series B, vol. 362,
no. 1484, pp. 1459–1467, 2007.
[51] R. Fraser, L. M. Bowler, W. A. Day, B. Dobbs, H. D. Johnson,
and D. Lee, “High perfusion pressure damages the sieving
ability of sinusoidal endothelium in rat livers,” British Journal
of Experimental Pathology, vol. 61, no. 2, pp. 222–228, 1980.
[52] J. Gracia-Sancho, B. Lavin˜a, A. Rodr´ıguez-Vilarrupla, H.
Garc´ıa-Caldero´, J. Bosch, and J. C. Garc´ıa-Paga´n, “Enhanced
vasoconstrictor prostanoid production by sinusoidal endothe-
lial cells increases portal perfusion pressure in cirrhotic rat
livers,” Journal of Hepatology, vol. 47, no. 2, pp. 220–227, 2007.
[53] D. C. Rockey and J. J. Chung, “Reduced nitric oxide production
by endothelial cells in cirrhotic rat liver: endothelial dysfunc-
tion in portal hypertension,”Gastroenterology, vol. 114, no. 2, pp.
344–351, 1998.
[54] L. D. DeLeve, X. Wang, L. Hu, M. K. McCuskey, and R. S.
McCuskey, “Rat liver sinusoidal endothelial cell phenotype is
maintained by paracrine and autocrine regulation,” American
Journal of Physiology—Gastrointestinal and Liver Physiology,
vol. 287, no. 4, pp. G757–G763, 2004.
[55] J. Gracia-Sancho, L. Russo, H. Garc´ıa-Caldero´, J. C. Garc´ıa-
Paga´n, G. Garc´ıa-Carden˜a, and J. Bosch, “Endothelial expres-
sion of transcription factor Kruppel-like factor 2 and its vaso-
protective target genes in the normal and cirrhotic rat liver,”Gut,
vol. 60, no. 4, pp. 517–524, 2011.
[56] G. Marrone, R. Maeso-Dı´az, G. Garc´ıa-Cardena et al., “KLF2
exerts antifibrotic and vasoprotective effects in cirrhotic rat
livers: behind the molecular mechanisms of statins,” Gut, vol.
64, no. 9, pp. 1434–1443, 2015.
[57] G.Marrone, L. Russo, E. Rosado et al., “The transcription factor
KLF2 mediates hepatic endothelial protection and paracrine
endothelial-stellate cell deactivation induced by statins,” Journal
of Hepatology, vol. 58, no. 1, pp. 98–103, 2013.
[58] A. J. Hwa, R. C. Fry, A. Sivaraman et al., “Rat liver sinusoidal
endothelial cells survive without exogenous VEGF in 3D per-
fused co-cultures with hepatocytes,”The FASEB Journal, vol. 21,
no. 10, pp. 2564–2579, 2007.
8 BioMed Research International
[59] K. Domansky, W. Inman, J. Serdy, A. Dash, M. H. M. Lim,
and L. G. Griffith, “Perfused multiwell plate for 3D liver tissue
engineering,” Lab on a Chip, vol. 10, no. 1, pp. 51–58, 2010.
[60] R. Sakata, T. Ueno, T. Nakamura, H. Ueno, and M. Sata,
“Mechanical stretch induces TGF-𝛽 synthesis in hepatic stellate
cells,” European Journal of Clinical Investigation, vol. 34, no. 2,
pp. 129–136, 2004.
[61] A. Juin, E. Planus, F.Guillemot et al., “Extracellularmatrix rigid-
ity controls podosome induction in microvascular endothelial
cells,” Biology of the Cell, vol. 105, no. 1, pp. 46–57, 2013.
[62] A. J. Ford, G. Jain, and P. Rajagopalan, “Designing a fibrotic
microenvironment to investigate changes in human liver sinu-
soidal endothelial cell function,” Acta Biomaterialia, vol. 24, pp.
220–227, 2015.
[63] V. Natarajan, C. A. Casey, E. N. Harris, and S. Kidambi,
“Physiological Ranges ofMatrix RigidityModulate Primary Rat
Liver Sinusoidal Endothelial Cell Function”.
[64] P. Bedossa and V. Paradis, “Liver extracellular matrix in health
and disease,”The Journal of Pathology, vol. 200, no. 4, pp. 504–
515, 2003.
[65] A. M. Gressner, “Hepatic proteoglycans—a brief survey of their
pathobiochemical implications,” Hepato-Gastroenterology, vol.
30, no. 6, pp. 225–229, 1983.
[66] D. Schuppan, “Structure of the extracellular matrix in normal
and fibrotic liver: collagens and glycoproteins,” Seminars in
Liver Disease, vol. 10, no. 1, pp. 1–10, 1990.
[67] B. Smedsrød, P. J. de Bleser, F. Braet et al., “Cell biology of liver
endothelial and Kupffer cells,”Gut, vol. 35, no. 11, pp. 1509–1516,
1994.
[68] E. Hahn, G. Wick, D. Pencev, and R. Timpl, “Distribution of
basement membrane proteins in normal and fibrotic human
liver: collagen type IV, laminin, and fibronectin,” Gut, vol. 21,
no. 1, pp. 63–71, 1980.
[69] S. Milani, H. Herbst, D. Schuppan, E. G. Hahn, and H. Stein,
“In situ hybridization for procollagen types I, III and IVmRNA
in normal and fibrotic rat liver: evidence for predominant
expression in nonparenchymal liver cells,” Hepatology, vol. 10,
no. 1, pp. 84–92, 1989.
[70] E. Bhunchet and K. Fujieda, “Capillarization and venularization
of hepatic sinusoids in porcine serum−induced rat liver fibrosis:
a mechanism to maintain liver blood flow,” Hepatology, vol. 18,
no. 6, pp. 1450–1458, 1993.
[71] K. M. Walsh, A. Fletcher, R. N. M. MacSween, and A. J. Morris,
“Basement membrane peptides as markers of liver disease in
chronic hepatitis C,” Journal of Hepatology, vol. 32, no. 2, pp.
325–330, 2000.
[72] D. Svistounov, S. N. Zykova, V. C. Cogger et al., “Pseudocapillar-
ization and the aging liver,” in Vascular Liver Disease, pp. 41–50,
Springer, New Year, NY, USA, 2011.
[73] P. A. Knolle and D. Wohlleber, “Immunological functions
of liver sinusoidal endothelial cells,” Cellular and Molecular
Immunology, vol. 13, no. 3, pp. 347–353, 2016.
[74] G. Marrone, V. H. Shah, and J. Gracia-Sancho, “Sinusoidal
communication in liver fibrosis and regeneration,” Journal of
Hepatology, vol. 65, no. 3, pp. 608–617, 2016.
[75] J. J.Maher andR. F.McGuire, “Extracellularmatrix gene expres-
sion increases preferentially in rat lipocytes and sinusoidal
endothelial cells during hepatic fibrosis in vivo,” Journal of
Clinical Investigation, vol. 86, no. 5, pp. 1641–1648, 1990.
[76] K. Neubauer, M. Kru¨ger, F. Quondamatteo, T. Knittel, B. Saile,
and G. Ramadori, “Transforming growth factor-𝛽1 stimulates
the synthesis of basementmembrane proteins laminin, collagen
type IV and entactin in rat liver sinusoidal endothelial cells,”
Journal of Hepatology, vol. 31, no. 4, pp. 692–702, 1999.
[77] H. Rieder, G. Ramadori, H. P. Dienes, and K. H. Meyer
zum Bu¨schenfelde, “Sinusoidal endothelial cells from guinea
pig liver synthesize and secrete cellular fibronectin in vitro,”
Hepatology, vol. 7, no. 5, pp. 856–864, 1987.
[78] W. R. Jarnagin, D. C. Rockey, V. E. Koteliansky, S.-S. Wang,
and D. M. Bissell, “Expression of variant fibronectins in wound
healing: cellular source and biological activity of the EIIIA
segment in rat hepatic fibrogenesis,” Journal of Cell Biology, vol.
127, no. 6, pp. 2037–2048, 1994.
[79] R. F. McGuire, D. M. Bissell, J. Boyles, and F. J. Roll, “Role
of extracellular matrix in regulating fenestrations of sinusoidal
endothelial cells isolated from normal rat liver,”Hepatology, vol.
15, no. 6, pp. 989–997, 1992.
[80] S. Shakado, S. Sakisaka, K. Noguchi et al., “Effects of extracellu-
larmatrices on tube formation of cultured rat hepatic sinusoidal
endothelial cells,” Hepatology, vol. 22, no. 3, pp. 969–973, 1995.
[81] T. L. Sellaro, A. K. Ravindra, D. B. Stolz, and S. F. Badylak,
“Maintenance of hepatic sinusoidal endothelial cell phenotype
in vitro using organ-specific extracellular matrix scaffolds,”
Tissue Engineering, vol. 13, no. 9, pp. 2301–2310, 2007.
[82] A. Couvelard, J.-Y. Scoazec, and G. Feldmann, “Expression
of cell-cell and cell-matrix adhesion proteins by sinusoidal
endothelial cells in the normal and cirrhotic human liver,” The
American Journal of Pathology, vol. 143, no. 3, pp. 738–752, 1993.
[83] R. Somasundaram and D. Schuppan, “Type I, II, III, IV, V, and
VI collagens serve as extracellular ligands for the isoforms of
platelet-derived growth factor (AA, BB, and AB),” The Journal
of Biological Chemistry, vol. 271, no. 43, pp. 26884–26891, 1996.
[84] O. A. Gressner, R. Weiskirchen, and A. M. Gressner, “Evolving
concepts of liver fibrogenesis provide new diagnostic and
therapeutic options,” Comparative Hepatology, vol. 6, article 7,
2007.
[85] I. M. Arias, A. W. Wolkoff, J. L. Boyer et al., The Liver: Biology
and Pathobiology, JohnWiley & Sons, NewYork, NY,USA, 2011.
[86] B.-S. Ding, D. J. Nolan, J. M. Butler et al., “Inductive angiocrine
signals from sinusoidal endothelium are required for liver
regeneration,” Nature, vol. 468, no. 7321, pp. 310–315, 2010.
[87] A. Yamane, L. Seetharam, S. Yamaguchi et al., “A new communi-
cation system between hepatocytes and sinusoidal endothelial
cells in liver through vascular endothelial growth factor and
Flt tyrosine kinase receptor family (Flt-1 and KDR/Flk-1),”
Oncogene, vol. 9, no. 9, pp. 2683–2690, 1994.
[88] P.-E. Rautou, J. Bresson, Y. Sainte-Marie et al., “Abnormal
plasma microparticles impair vasoconstrictor responses in
patientswith cirrhosis,”Gastroenterology, vol. 143, no. 1, pp. 166–
176.e6, 2012.
[89] D. Povero, N. Panera, A. Eguchi et al., “Lipid-induced
hepatocyte-derived extracellular vesicles regulate hepatic stel-
late cells via MicroRNA targeting peroxisome proliferator-
activated receptor-𝛾,” Cellular and Molecular Gastroenterology
and Hepatology, vol. 1, no. 6, pp. 646–663.e4, 2015.
[90] A. M. Gressner and M. G. Bachem, “Molecular mechanisms of
liver fibrogenesis—a homage to the role of activated fat-storing
cells,” Digestion, vol. 56, no. 5, pp. 335–346, 1995.
[91] S. L. Friedman, “Liver fibrosis—from bench to bedside,” Journal
of Hepatology, vol. 38, supplement 1, pp. S38–S53, 2003.
[92] G. Xie, X. Wang, L. Wang et al., “Role of differentiation of
liver sinusoidal endothelial cells in progression and regression
BioMed Research International 9
of hepatic fibrosis in rats,” Gastroenterology, vol. 142, no. 4, pp.
918.e6–927.e6, 2012.
[93] R. P. Witek, L. Yang, R. Liu et al., “Liver cell–derived micropar-
ticles activate hedgehog signaling and alter gene expression in
hepatic endothelial cells,” Gastroenterology, vol. 136, no. 1, pp.
320–330.e2, 2009.
[94] R. Wang, Q. Ding, U. Yaqoob et al., “Exosome adherence and
internalization by hepatic stellate cells triggers sphingosine 1-
phosphate-dependent migration,” Journal of Biological Chem-
istry, vol. 290, no. 52, pp. 30684–30696, 2015.
[95] M. Naito, G. Hasegawa, Y. Ebe, and T. Yamamoto, “Differentia-
tion and function of Kupffer cells,”Medical ElectronMicroscopy,
vol. 37, no. 1, pp. 16–28, 2004.
[96] J. C. Bonner, “Regulation of PDGF and its receptors in fibrotic
diseases,” Cytokine & Growth Factor Reviews, vol. 15, no. 4, pp.
255–273, 2004.
[97] G. L. Su, “Lipopolysaccharides in liver injury: molecular
mechanisms of Kupffer cell activation,” American Journal of
Physiology—Gastrointestinal and Liver Physiology, vol. 283, no.
2, pp. G256–G265, 2002.
[98] F. Tacke, T. Luedde, and C. Trautwein, “Inflammatory pathways
in liver homeostasis and liver injury,”Clinical Reviews in Allergy
& Immunology, vol. 36, no. 1, pp. 4–12, 2009.
[99] N. A. Hutchins, F. Wang, Y. Wang, C.-S. Chung, and A. Ayala,
“Kupffer cells potentiate liver sinusoidal endothelial cell injury
in sepsis by ligating programmed cell death ligand-1,” Journal of
Leukocyte Biology, vol. 94, no. 5, pp. 963–970, 2013.
[100] S. Arii and M. Imamura, “Physiological role of sinusoidal
endothelial cells and Kupffer cells and their implication in
the pathogenesis of liver injury,” Journal of Hepato-Biliary-
Pancreatic Surgery, vol. 7, no. 1, pp. 40–48, 2000.
[101] I. Malovic, K. K. Sørensen, K. H. Elvevold et al., “The mannose
receptor onmurine liver sinusoidal endothelial cells is the main
denatured collagen clearance receptor,” Hepatology, vol. 45, no.
6, pp. 1454–1461, 2007.
[102] M. Fernandez, M. Mejias, E. Garcia-Pras, R. Mendez, J. C.
Garcia-Pagan, and J. Bosch, “Reversal of portal hypertension
and hyperdynamic splanchnic circulation by combined vascu-
lar endothelial growth factor and platelet-derived growth factor
blockade in rats,”Hepatology, vol. 46, no. 4, pp. 1208–1217, 2007.
[103] L. Yang, J. Kwon, Y. Popov et al., “Vascular endothelial growth
factor promotes fibrosis resolution and repair in mice,” Gas-
troenterology, vol. 146, no. 5, pp. 1339.e1–1350.e1, 2014.
[104] D. May, V. Djonov, G. Zamir et al., “A transgenic model for
conditional induction and rescue of portal hypertension reveals
a role ofVEGF-mediated regulation of sinusoidal fenestrations,”
PLOS ONE, vol. 6, no. 7, Article ID e21478, 2011.
[105] M. Van de Casteele, A. Omasta, S. Janssens et al., “In vivo gene
transfer of endothelial nitric oxide synthase decreases portal
pressure in anaesthetised carbon tetrachloride cirrhotic rats,”
Gut, vol. 51, no. 3, pp. 440–445, 2002.
[106] M. T. Dill, S. Rothweiler, V. Djonov et al., “Disruption of Notch1
induces vascular remodeling, intussusceptive angiogenesis, and
angiosarcomas in livers of mice,” Gastroenterology, vol. 142, no.
4, pp. 967–977.e2, 2012.
[107] V. Matei, A. Rodr´ıguez-Vilarrupla, R. Deulofeu et al., “Three-
day tetrahydrobiopterin therapy increases in vivo hepatic NOS
activity and reduces portal pressure in CCl
4
cirrhotic rats,”
Journal of Hepatology, vol. 49, no. 2, pp. 192–197, 2008.
[108] M. Herna´ndez-Guerra, J. C. Garc´ıa-Paga´n, J. Turnes et al.,
“Ascorbic acid improves the intrahepatic endothelial dysfunc-
tion of patients with cirrhosis and portal hypertension,” Hepa-
tology, vol. 43, no. 3, pp. 485–491, 2006.
[109] H. Garc´ıa-Caldero´, A. Rodr´ıguez-Vilarrupla, J. Gracia-Sancho
et al., “Tempol administration, a superoxide dismutasemimetic,
reduces hepatic vascular resistance and portal pressure in
cirrhotic rats,” Journal of Hepatology, vol. 54, no. 4, pp. 660–665,
2011.
[110] S. Tugues, G. Fernandez-Varo, J. Mun˜oz-Luque et al., “Antian-
giogenic treatment with sunitinib ameliorates inflammatory
infiltrate, fibrosis, and portal pressure in cirrhotic rats,” Hepa-
tology, vol. 46, no. 6, pp. 1919–1926, 2007.
[111] R. Bataller andD. A. Brenner, “Liver fibrosis,” Journal of Clinical
Investigation, vol. 115, no. 2, pp. 209–218, 2005.
